Introduction
Aromatic and medicinal plants produce a wide variety of volatile terpene hydrocarbons (aliphatic and cyclic) and their corresponding oxygenated isoprenoid derivatives and analogues. Mixtures of these substances, which are known as essential oils, can be isolated from diverse parts of plants by steam distillation. The antimicrobial properties of essential oils are well recognized for many years (Hammer et al., 1999; Cosentino et al., 1999; Daferera et al., 2000) , and their preparations are found applications as naturally occurring antimicrobial agents in pharmacology, pharmaceutical botany, phytopathology, medical and clinical microbiology, food preservation etc. Thus, the discovery of essential oil preparations that possess antimicrobial activities has been the subject of many research investigations consequencing the screening of a wide variety of plant species. However, less attention was given to the activities of their main components in respect to their presence in the oils tested. The latter depends on a number of parameters such as environmental conditions, collection period, dehydration procedure, storage condition, isolation method.
Achillea is a genus of the well known medicinal plant family of Asteraceae and comprises by numerous species and wild-growing plants. (Tutin, 1968) . The essential oils of A. holosericea and A. fraasii have never been studied, while there is only one report on chemical analysis of the essential oil of A. taygetea which concern material obtained from plant which was cultivated in a botanical garden out of its natural habitat (Maffei et al., 1994) . Main objective of this study is to assay the main constituents of these three essential oils and carry out a comparative evaluation of their antimicrobial activities in respect to their chemical compositions.
Materials and Methods

Plant material
Achillea taygetea and Achillea holosericea were collected at Taygetos mountain (1700 m and 1600 m height, respectively) in July 2000. Achillea fraasii was collected at Tymfi mountain (2000 m height) in July 2000. A voucher specimen of each plant is deposited in the herbarium of the Division of Pharmacognosy, University of Athens (Tg001, Tg002, In007, respectively).
Preparation of essential oils
The fresh aerial parts (200 g of each of the above mentioned species) were submitted for 3 hours to steam distillation to afford 0.80, 0.22 and 0.24 ml of oil respectively (yields 0.40, 0.11, 0.12%). The three oils were dried over anhydrous sodium sulfate and stored at +4 ∞C in bottles covered with aluminum foil to prevent the negative effect of light.
GC/MS analysis
The GC/MS analysis of the essential oils was performed using a Hewlett-Packard 6890 series II gas chromatograph equipped with a HP-5 capillary column (30 m, 00.25 mm i.d., 0.25 µm film thickness) and a mass spectrometer 5973 of the same company which was operated in EI mode. Helium was the carrier gas at a flow rate of 1 ml/min. The injector was operated at 200 ∞C and the oven temperature was programmed as follows: 60 ∞C for 5 min, then gradually increased to 280 ∞C at 3 ∞C/ min.
The identification of components was based on comparison of their mass spectra with those of Wiley and NBS Libraries (Massada, 1976) and those described by Adams (1995) , as well as on comparison of their retention indices (Van den Dool and Kratz, 1963) with literature values (Adams, 1995) .
Reference strains
The reference strains used in all antimicrobial assays were: Gram-positive bacteria Staphylococcus aureus (ATCC 25923), Staphylococcus epidermidis (ATCC 12228) and Gram-negative bacteria Escherichia coli (ATCC 25922), Enterobacter cloacae (ATCC 13047), Klebsiella pneumoniae (ATCC 13883), Pseudomonas aeruginosa (ATCC 227853) and the pathogens fungi Candida albicans (ATCC 10231), C. tropicalis (ATCC 13801), C. glabrata (ATCC 28838)
Antimicrobial assay
The minimum inhibitory concentrations (MIC) of the oils and their main components were determined using the dilution technique (Janssen et. al., 1987) . Standard antibiotics (netilmicin, amo¥icillin and clavulanic acid) were used in order to control the sensitivity of the tested bacteria, while intraconazole, 5-flucytocine and amphotericin were used in order to control the tested fungi. Technical data have been described previously (Aligiannis et al., 2000) .
Results and Discussion
Ninety-five phytochemicals have been identified by the GC/MS analysis as constituents of the essential oils. The main components and their retention indices are summarised in Table I , while the results of the antibacterial and antifungal activities of essential oils and their main components are presented in Table II .
Chemical analysis revealed that there are significant qualitative and quantitative differences among the oils tested. Camphor and borneol were the only major constituents present in all oil samples, with their highest percentage found in A. taygetea and A. holosericea (25.71% and 16.26% respectively). Furthermore, 1,8-cineole which is the major constituent of the essential oil of A. taygetea and is present in large amount in A. fraasii (11.94%) was detected only in trace amounts (0.69%) in the oil of A. holosericea. In regard to the previously reported content of the essential oil of A. taygetea (Maffei et. al., 1994) , it is interesting to point out that there are important quantitative differences indicating that environmental factors strongly influence its chemical composition. Thus, 1,8-cineole which was found to be the major constituent, previously was assayed in only 1.6% concentration. On the contrary, α-pinene, -pinene and germacrene-D which were detected in highest percentage, in our samples were present at very low concentrations (<2%). Overall, chemical composition analyses indicate that A. fraasii and A. holosericea oils have a higher diversity of phytochemicals than A. taygetea oil. 
The results of the antimicrobial activity assays indicated that the essential oil of A. holosericea was completely inactive. The essential oils of A. taygetea and A. frasii displayed moderate activities against all the tested bacterial strains, with the first being more active in all cases. Both oils exhibited higher activities against the Gram negative tested bacterial strains, while the Gram positive strains of S. aureus and S. epidermidis appeared as the most resistant ones. These results are in contrast with previous repoerts in the literature indicating that Gram-positive bacteria are more susceptible to essential oils than Gram-negative bacteria (Outtara et al., 1997; Mangena and Muyima, 1999) . In an attempt to rationalize these peculiar results, we have determined the antibacterial properties of their main constituents, and found that among the compounds tested, caryophyllene oxide is the most efficient, followed by camphor and 1,8-cineole. The antibacterial properties of caryophyllene oxide have been revealed previously (Ulubelen et al., 1994) , while 1,8-cineole and camphor are also known to possess some antimicrobial activities (Aligiannis et al., 2000; Prudent et al., 1993) . Thus, the antibacterial properties of the essential oils A. taygetea and A. frasii are probably connected with their high content of 1,8-cineol and camphor. In the case of the essential oil of A. frasii however, the presence of caryophyllene oxide also contributes in a considerable degree to the observed activity. Finally, both oils of A. holosericea and A. taygetea were found inactive against the tested fungi, while the oil of A. frasii showed an interesting antifungal profile (MIC values 0.33-6.40 mg/ ml).
The complete phytochemical profile of the essential oils of the three Achillea species as identified by GC/MS analysis and their retention indices are available to interested readers on request from the authors.
